Introduction
A new type of rock fracture toughness specimen, cracked chevron notched Brazilian disc (CCNBD) was proposed by the International Society for Rock Mechanics, ISRM, in 1995 [1] . Before the method was proposed, a lot of pre-researches had been carried out and the calibration result and stress intensity factor of CCNBD were obtained [2] [3] . Because of the difficulty in processing precision of CCNBD, a cracked straight through Brazilian disc (CSTBD) was proposed to determine the fracture toughness of rock [4] [5] . And then, the CSTBD was widely used to study the dynamic and static fracture toughness of rock and some useful consequences were gained [6] [7] [8] [9] . It was suggested that the test of CSTBD was an effective method to determine the Mode I fracture toughness of rock.
There were also many types of research on the split experiment of square specimens instead of Brazilian disc. And some calculation formulas of tensile strength were given according to the engineering experience [10] [11] [12] . There was still a discussion on the stress distribution and failure mechanism of square specimens under splitting load. In the pre-research of this paper, the tensile stress distribution function of the rectangular specimen under splitting load was derived based on Fourier Series Solution. The maximum tensile stress was showed at a certain point in the specimen's symmetry axis and the damage initiated because the maximum tensile stress reaching its tensile strength. The splitting tensile strength formula of rock with a rectangular specimen was established [13] [14] . According to the stress distribution of the uncracked square specimen, the stress intensity factor of cracked straight through square specimen (CSTSS) will be established and the shape function will be calibrated through FEM in this paper.
Theoretical formula
For a rectangular specimen with a length of a 2 , the width of b 2 , and a thickness of t under a pair of splitting loading q ( Fig. 1) , the load distribution can be described according to Fourier Series stress calculation theory [13] [14] . This is an example of an equation:
Fig. 1 Schematic diagram of plane force
The actual load can be supposed as:
The load can be expanded into the form of Fourier Series: Where qu and ql are upper and lower boundary load, q is cushion block load, 2c is the width of the cushion block, 2b and 2a are the height and length of the specimen, m is an arbitrary positive integer.
When 2c is close to 0, the distributed load is reduced to concentrated force: 2 . 
The general form of the solution of the stress by Fourier Series method is:
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where: . 22
The normal stress of rectangular specimen under splitting load can be determined by Eq. (6) and the normal stress on the axis of symmetry can be expressed as [13] :
For square specimen, a is equal to b and   b y /  can be described as:
For different positions on the y axis,   b y /  can be approximation calculated according to Eq. (7) . But the convergence times of the shape function is increased with the increase of y/b. The maximum tolerance is 1E-8 and the maximum number of convergence is 30 which have been listed in Table 1 . The calculated results are also in agreement with the finite simulation results [14] . The expression
can be fitted as: 
A specimen of rock-like material produced by white cement was introduced to verify the correctness of the formula. As shown in Fig. 3 , the strain gauge 1 ~5  was fixed on the vertical symmetry axis of the specimen surface to test the tensile stress during the process of splitting loading.
Fig. 3 Schematic diagram of the strain test
It can be seen from Fig. 4 that the tensile strain approximation increases linearly with the increase of the load.
The maximum tensile stains are the strain gauge 1 and 5 and the minimum strain occurs at the center position,3, as shown in Fig. 4 , a. The difference between 1, 5 and 3 gradually increase with the increase of load. And then the stain of 1 reaches its peak value and the crack is initiated from 1 and then extend to other strain gauges. The theoretical stress at different locations can be obtained according to the Eq. (7) . The elastic modulus, E, and Poisson ratio,, of this kind of rock-like material were determined by experiments as E=4.68 GPa and =0.22. Based on the stress and strain formula, the measured stress value can be obtained and the comparison results between the measured value and theoretical value are plotted out in Fig. 4 , b. It can be indicated that the theoretical value and the measured value are in agreement with the variation of the load. 
The stress intensity factor of CSTSS
The stress intensity factor (SIF) is an important index of brittle fracture which can consider the singularity of the crack tip stress and effectively reflect the strength of the elastic stress field of the crack tip [15] [16] . There is a lot of traditional solution of SIF, such as stress function method, integral transform method, finite element method, boundary element method, and boundary collocation method, whose computational accuracy is limited by the number of units. Similar to the domain integral method for J-Integral evaluation, the interaction integral method for stress-intensity factors calculation applies area integration for 2-D problems and volume integration for 3-D problems. In comparison to the traditional displacement extrapolation method, the interaction integral method offers better accuracy, fewer mesh requirements, and ease of use [17-20].
Calculation of stress intensity factor based on interaction integral method
An auxiliary field of the crack tip is established to separate and obtain the Mode I and the Mode II stress intensity factor in the real field for the interaction integral method. Around the crack tip, the auxiliary field must satisfy the equilibrium conditions, the physical equations and the geometric relationship of any possible displacement field and stress field [21] .
The interaction integral is defined as: 
Finite element calculation accuracy verification
A calculation example is introduced to verify the accuracy of the interaction integral method. As shown in Fig. 5 , the specimen of the cracked rectangular block was taken a load of the tensile stress of 2 MPa. The application of boundary conditions and meshing are shown in Fig. 6 . The width, b, half height, h, thickness, t, and edge crack length, a, are 20mm, 80mm, 3mm, and 8mm separately. The Young's modulus and Poisson's ratio are 201 GPa and 0.258 separately. The Mode I stress intensity factor can be determined as: The FEM results are compared with the exact solution of different crack lengths, which was listed in Table 2 . It can be seen that the maximum error was about 0.646%. The interaction integral method can meet the requirement of engineering well. Table 2 Accuracy validation results of calculation example a, mm a/b , 
Stress intensity factor calibration of CSTSS
A cracked straight through square specimen under splitting load with a thickness of t , a width of b 2 , a crack length of a 2 , shown in Fig. 7 . The tensile stress of the same size uncracked specimen can be obtained by Eq. (9):
According to the general form of the Mode I stress intensity factor, the calculation formula for the Mode I fracture toughness, IC K , of CSTSS can be expressed as:
where: PM is peak load and   b a F / is shape factor which can be calibrated by FEM. Table 3 . The shape factor,   b a F / , decrease with the increase of a/b (Fig. 8) 
Test results
A specimen of rock-like material produced by white cement was introduced to test the Mode fracture toughness of CSTSS (Fig. 9 ). The specific specimen size was shown in Table 4 . Displacement control was adopted in the experiment, and the loading rate was limited in 5 mm/min. The peak load was obtained after the experiment and substituted into the Eq. (13) . The calculation results of KIC was listed in Table 4 . It was indicated that the values of KIC were stabilized in relative range and the average value of KIC was 0.140MPa×m 1/2 . In order to verify the reliability of Mode I fracture toughness test method of the CSTSS, a three-point-bend fracture toughness test experiment of the same rock-like material was introduced as a comparison experiment (Fig. 10) . The length, L, and the span, S, of the specimen are 250 and 200 mm separately. The Mode I fracture toughness of the three-point bending beam can be expressed as:
Where are PM, B, W and a are peak load, length, height and crack length separately. F is shape factor and: 
The KIC test results of the three-point-bend experiment were listed in Table 5 . The average value of KIC was about 0.158 MPa×m 1/2 which was slightly larger than that of CSTSS. It can be indicated through a comparison of Table 4 and Table 5 that the test results of KIC by the two methods show a good agreement. Both the CSTSS and the three-point bend experiments are effective methods to determine the KIC of rock. 
Conclusions
1. Calculation formula of tensile stress of square specimen under splitting load was obtained through Fourier Series Solution of plane stress problems. And an experiment of testing strain was introduced to verify the correctness of the formula. The test results showed that the tensile strain approximation increases linearly with the increase of the load and the theoretical value and the measured value were in agreement with the variation of the load.
2. Based on the tensile stress distribution of the uncracked specimen and the general form of the Mode I stress intensity factor, the calculation formula of Mode I fracture toughness of cracked straight through the square specimen, CSTSS, under splitting load was obtained and the shape function was calibrated through finite element interaction integral method.
3. A rock-like material was used to produce CSTSS and three-point bend beam specimens. The Mode I fracture toughness KIC was tested through CSTSS split experiment and three-point bend experiment. The average value of KIC of the two different methods was well agreement. It was suggested that the CSTSS under splitting load can be a potential method to determine the Mode I fracture toughness of rock.
